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Abstract 
After discussing the GaN NW nucleation issue, we will present the structural properties of axial and radial (i.e. 
core/shell) GaN/AlN NW heterostructures and adress the issue of critical thickness during the growth of such heterostructures. 
Next, we will present the growth of InGaN NWs on a GaN NW base. It will be shown that the morphology and structural 
properties of the InGaN NW sections depend on the In content : for high In content a flat top is observed and plastic relaxation is 
occuring, with mismatch dislocations formed at the InGaN/GaN interface. By contrast, for In content below 25% InGaN NWs 
exhibit a pencil-like shape assigned to a purely elastic strain relaxation process, without formation of dislocations. Such a strain 
relaxation process was found to be associated with the spontaneous formation of an InGaN/GaN core-shell heterostructure. As 
concerns optical properties, it will be shown that the purely elastic relaxation process is associated with a marked In clustering. 
As a consequence, for samples with a 17% nominal In content, data were found to exhibit a S-shape characteristic of localization, 
with a minimum around 110K. By contrast, for a 40% In content PL data suggest that localization is much weaker. Finally, a 
growth model of InGaN/GaN heterostructures will be proposed.  
 
 
© 2011 Published by Elsevier B.V. 
PACS: 81.05.Ea; 62.23.Hj; 81.07.Gf; 61.46.Km; 78.67.Uh; 81.15.Hi 
 
* Corresponding author. Tel.: +33 4 38 78 37 50; fax: +33 4 38 78 51 97. 
E-mail address: bruno.daudin@cea.fr. 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of Universidade  Federal de 
Juiz de Fora, Brazil. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
6   B. Daudin et al. /  Physics Procedia  28 ( 2012 )  5 – 16 
Keywords: III nitride wide gap semiconductors; nanowires; molecular beam epitaxy; Raman spectroscopy; Xrays diffraction; high resolution 
electron microscopy; photoluminescence 
1. Introduction 
Despite the current interest in nanowires (NWs), the details of their growth are still far from being clear. When a 
metallic catalyst is used, nanowire growth is generally assumed to obey the vapour-liquid-solid growth mechanism 
which supposes that vapor phase atoms are incorporated in a liquid metal droplet on top of the wire [1]. This is not 
the case for GaN NWs grown by plasma assisted molecular beam epitaxy (PAMBE) in which NWs are grown 
without use of any catalyst. Then, numerous parameters, namely the substrate nature, the use of a buffer layer or not, 
the growth temperature and the metal/nitrogen ratio value are all expected to play a role and consequently determine 
the structural and optical properties of NWs, although the interplay between these parameters is not clearly 
established to date. More generally, for two-dimensional (2D) layers, nucleation is expected to be influenced by 
surface phenomena (adsorption, diffusion, desorption, incorporation….) leading to formation of islands followed by 
their coalescence. In the case of 2D GaN layers grown on nitridated sapphire, it has been shown that the combined 
action of these phenomena could lead to strongly non linear growth rate as a function of time during the first stages 
of nucleation process [2]. Along a similar view, real-time in-situ X-rays scattering studies have demonstrated that 
the first stages of cubic (001) GaN heteroepitaxy on SiC (001) are dominated by nucleation mechanism [3], leading 
to a non linear time dependence of the growth rate. Interestingly, it has been observed that an external parameter 
such as ion exposure could drastically change the growth mode and consequently the power law dependence of GaN 
deposition rate as a function of time during the first stages of the growth [4]. 
Moreover, line-of-sight quadrupole mass spectrometry measurements performed during growth of 2D (0001) 
GaN on 6H-SiC and sapphire have revealed a non linearity of GaN growth rate during the first stages of deposition, 
followed by a linear growth rate once reached a steady state regime [5]. By contrast, it was found that homoepitaxy 
of GaN exhibited a linear growth rate from the beginning [6], again emphasizing the crucial role of nucleation 
mechanism during heteroepitaxy.   
Now turning ourselves towards GaN NWs, it has to be noted that there is a general agreement on the fact that 
their steady-state growth regime is governed by Ga diffusion up to the top of existing wires [7-10] but the nucleation 
process is still a matter of controversy. In particular, the transition from a three-dimensional (3D) precursor island 
regime towards the steady-state growth of NWs with vertical walls is not clear.  
One aim of this article is to address the issue of GaN NW nucleation, with a special interest in the transition from 
almost isotropic 3D precursors into NWs with vertical walls [11, 12]. For that purpose, the very first stages of the 
growth have been studied in-situ by grazing incidence X-rays diffraction. One major conclusion is that 3D precursor 
islands increase in size till reaching a critical size which is associated with the transition towards NWs with vertical 
walls. This supports the hypothesis that in conditions appropriate to the growth of NWs, lateral growth of individual 
NWs precursors is favored with respect to large-scale coalescence, which usually results in a 2D rough GaN layer.  
GaN NWs, which can be viewed as a set of non-coalesced vertically elongated grains, exhibit a perfect cristalline 
structure, making them particularly attractive for both physical studies and applications when compared to their two-
dimensional (2D) counterpart, which are plagued by a high density of dislocations. This also holds for the 
heterostructures: theoretical calculations have predicted that the critical thickness of lattice-strained axial [13, 14] or 
radial [15] NW heterostructures should be significantly increased compared to the case of bi-dimensional 
heterostructures. Eventually, for a diameter small enough, it was furthermore predicted that coherent axial or radial 
heterostructures could be grown despite an arbitrarily large lattice mismatch between the two materials involved.  
Then, it is a second aim of this article to adress the issue of the growth of both core/shell GaN/AlN and axial 
InGaN/GaN NW heterostructures. In agreement with theoretical predictions, it will be checked that the critical 
thickness of core/shell GaN/AlN NW heterostructures is far beyond the value found in the 2D case. It will also be 
shown that elastically strain-relaxed InGaN NWs sections with about 40 % In content can be fully coherently grown 
on top of a GaN NW base [16], opening the way to the realization of InGaN/GaN heterostructures with a far higher 
In content than in the 2D case. Actually, such NW heterostructures have been recently used to realize light emitting 
diodes in the green-yellow range [17]. 
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2. Nucleation of GaN NWs 
GaN NWs nucleation process was studied by performing in-situ grazing incidence X-rays diffraction experiments 
at BM32 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). For this purpose, 
an on-line MBE chamber was equipped with Ga and Al effusion cells and with a nitrogen radio-frequency plasma 
cell to produce active N. The substrate consisted of (111) Si. After standard degreasing and deoxidation by dipping 
in hydrofluoric acid, it was introduced in the chamber and outgassed at high temperature till appearance of a 7x7 
reconstruction. The temperature calibration was performed by exposing the reconstructed Si surface to a Ga flux and 
by measuring the time necessary to recover the 7x7 reconstruction once shuttered the Ga flux. This method ensured 
a reliable reproducibility of the experiments and also made possible the comparison with experiments performed in 
other MBE machines. Typically, a Ga desorption time of 30 s was identified to a substrate temperature of 720 °C. 
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Figure 1: Grazing incidence Xrays diffraction as function
of growth time. Dotted vertical lines show the expected
position of strain-relaxed AlN and GaN. Note the long time
delay (about 1300 s) before apparition of a GaN peak
 
Figure 2: Intensity of the GaN Xrays diffraction peak as a 
function of time for two different fluxes of Ga. The flux 
corresponding to curve (1) is smaller than the flux
corresponding to curve (2). Note the delay at short time, 
followed by a non linear regime (the full line is a polynomial
fit of this regime). At long time the intensity varies linearly 
with time, as expected for a steady state regime. 
 
A thin AlN buffer layer (about 2-3 nm thick) was deposited on (111) Si prior to GaN deposition. Due to a 
coincidence relationship between (111) Si and (0001) AlN, such a buffer is almost relaxed [18]. It was found that 
using such an AlN buffer layer resulted in the deposition of vertically aligned GaN nanocolumns [10]. In situ GaN 
NW growth was performed at high temperature (i.e.  750 °C, corresponding to about 8 s to recover the 7x7 
reconstruction after exposure to Ga flux) and in N-rich conditions. N flux was about 0.3 monolayer/s (ML/s). 
Typical Ga/N ratio value for NW growth was about 0.3.  
Growth of AlN buffer layer and of GaN subsequently deposited on it was studied by performing h-scans in the 
reciprocal space near the in-plane AlN (30-30) reflexion. The diffraction experiment was performed in grazing 
incidence, using the geometry schematized in the inset of figure 1 and 2. The scattered signal was recorded at 
grazing angles with a VantecTM linear detector [19]. Note in figure 1 that the reciprocal lattice unit h refers to the Si 
reciprocal space. The latter is obtained by describing Si with a hexagonal cell whose [0001] direction is parallel to 
the cubic [111] direction. The hexagonal cell parameters are ah,Si=¥2/2ac,Si, ch,Si=¥3ac,Si, where ac,Si is the lattice 
parameter of Si. This means that the h value corresponding to bulk AlN is equal to 3.706, shown as a dotted line in 
figure 1. Each scan lasted 12 s, allowing one to perform an on-line monitoring of GaN nanocolumn nucleation. An 
additional dotted line at h = 3.62 in figure 1 also shows the position corresponding to bulk GaN. Two features are 
shown in figure 1: first of all, a significant delay is observed between the beginning of NW growth (t = 0 s) and the 
appearance of a GaN Xrays diffraction peak (at about t =1300 s). Second, it appears that almost from the beginning 
the diffraction peak assigned to GaN is observed at a position corresponding to relaxed material. As extensively 
discussed in ref. 11, the delay at short deposition times has been tentatively assigned to the deposition of a GaN 
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wetting layer, with the same in-plane lattice parameter as the AlN buffer layer, making it unobservable in grazing 
incidence conditions.  
X-rays data in figure 1 were quantitatively analyzed by performing an intensity deconvolution of AlN and GaN 
peaks using two pseudo-Voigt functions and by plotting the integrated intensity of GaN diffraction peak as a 
function of deposition time. Figure 2 shows the GaN diffraction peak intensity as a function of deposition time for 
two different Ga fluxes while conserving an overall Ga/N ratio value of about 0.3. For both Ga fluxes, the intensity 
of the diffraction peak associated to GaN is found to exhibit three regimes associated to three different time scales: 
a) in the first regime, no X-rays peak is observed at h=3.62, while next, b) nucleation of GaN 3D islands is observed, 
characterized by a non linear increase of the diffraction peak intensity observed at h= 3.62. c) In a final step, the 
intensity of the GaN diffraction peak is found to evolve linearly with time. 
 
 
 
Figure 3: high resolution transmission electron microscopy image of a GaN NW deposited on (111) Si covered with a 
thin AlN buffer layer. Inset: Fourier filtering of the image putting in evidence the presence of misfit dislocations at the GaN/AlN
interface.    
 
As discussed above, regime 1 may be assigned to the deposition of a GaN layer matched to the AlN layer 
underneath, till reaching the onset of GaN 3D islanding [11]. In regime 2 the intensity of the GaN peak is found to 
increase non linearily with time. Interestingly, the position of the peak almost immediately coincides with the 
position assigned to bulk GaN, suggesting a full strain relaxation of the 3D precursors. In order to clarify this issue, 
high resolution transmission electron microscopy (HRTEM) study of the base of the NWs was performed on a Jeol 
4000EX microscope operated at 400kV. The samples were covered with glue and then prepared in cross-sectional 
orientation by mechanical polishing followed by Ar-ion milling in a Gatan PIPS. As shown in figure 3, Fourier 
transform filtering of the high resolution image has revealed the formation of mismatch dislocations at the interface 
between the base of the GaN NW and the AlN buffer layer. These results are consistent with a recent study by 
Consonni et al. [12] who have demonstrated that pyramidal 3D NW precursors increased in size till reaching a 
critical volume associated with the formation of dislocations at their side edge, followed by a transition from 
pyramids into islands with vertical walls.  
As a whole, these data strongly suggest that indeed elastic strain relaxation of 3D precursors is a necessary 
condition for NW growth. It should be noted at this stage that strain relaxation is not necessarily driven by 
dislocation formation: Actually, growth of GaN NWs on SiO2 [20] and Si3N4 [21] has been reported as well as 
growth of AlN NWs on SiO2 [22], as an evidence that non-wetting growth (Volmer-Weber) of III-N material may 
also lead to the formation of NWs.  
In a further set of experiments, NW nucleation and morphology were studied as a function of temperature on a 
single sample, by taking advantage of the marked temperature gradient from the center of the two inch silicon wafer 
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towards the edge, depending on the mechanical design of the substrate holder [23]. Figure 4 (a-c) shows SEM 
images of GaN NWs grown during 3 hours taken at three different positions of the wafer, corresponding to “low” 
(a), “medium” (b) and “high” (c) temperature. A decrease of NWs density is observed as growth temperature 
increases. Moreover, changes in diameter and length are observed, both of them decreasing for the higher 
temperatures. 
These results may be linked to the 3D precursor nucleation process, which depends on the areal density of Ga 
adatoms, which itself depends on both temperature and Ga flux. As the critical size of precursors giving rise to NW 
growth is only governed by an elastic energy relaxation process, this implies that the time spreading of the onset of 
steady-state NW growth will reflect the duration of the 3D precursor nucleation process till reaching their critical 
size, as schematized in figure 5. Consequently, a length dispersion of the NWs will be observed, as it is actually, 
associated to the duration of the 3D precursor nucleation process, which indeed increases with temperature.  
This qualitatively supports the hypothesis that at low temperature all 3D precursor islands are almost 
simultaneously formed and will reach the critical size for plastic relaxation at the same time, giving place to the 
continuous growth of NWs with the same length (see figure 4-a). On the contrary, at high temperature, the decrease 
in nucleation probability and the drastic increase in GaN dissociation rate both lead to a marked increase of the time 
elapsed between the formation of the first precursor having reached its critical size and the formation of the last one. 
Then, the onset of steady state growth of NWs is significantly scattered, reflecting the time duration of the precursor 
nucleation process and leading to the growth of wires with different lengths, presenting a much larger dispersion 
than those grown at lower temperature (see figure 4-b and 4-c). 
 
 
 
 
 
Figure 4: Scanning electron microscopy images of GaN NWs 
grown on (111) Si wafer at a) “low”, b) “medium” and c) 
“high” temperature 
Figure 5: Schematic representation of the 3D precursor
ripening, based on data in figure 2. The NW length dispersion 
is associated with the duration of ripening stage. 
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3. Growth and properties of AlN/GaN NW heterostructures
Optical properties of nitride polar heterostructures are governed to a large extent by the presence of the internal 
electric field built-in along the c-axis, a combination of spontaneous polarization and piezoelectric components. This 
statement also holds in the case of nitride nanowire (NW) heterostructures: it has been recently shown that the 
photoluminescence of GaN insertions in AlN NWs exhibits a marked red-shift, a signature of the quantum confined 
Stark effect (QCSE) associated with the presence of an internal electric field [24]. Although the piezoelectric 
component tends to vanish for thick GaN insertions, due to the easy elastic strain relaxation resulting from the NW 
geometry, it is expected that the optical properties of such insertions will still be dominated by the presence of the 
piezo-electric field and the oscillator strength decrease resulting from it. As a matter of fact, it has been actually 
shown that for InGaN/GaN quantum wells in nanowires the QCSE is strongly reduced compared to two-dimensional 
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quantum wells emitting in the same spectral region [25]. Analysis of InGaN/GaN NWs light emitting diode 
structures led to similar conclusions [26], the reduction of the QCSE being attributed in both cases to a reduction in 
the piezo-electric polarization in NWs [27]. AlGaN/GaN quantum discs in nanowires have also been studied. Time 
resolved data also showed that the optical properties of thick GaN insertions exhibited an oscillator strength 
reduction assigned to the presence of an internal electric field [28, 29]. 
As GaN NWs grown by catalyst-free plasma assisted molecular beam epitaxy (PAMBE) are oriented along the c-
axis, their lateral walls are oriented perpendicularly to c, i.e. along a non polar direction. Indeed, it has been 
established that the walls of hexagonally-shaped GaN NWs are (1-100) planes [30-32], opening the way to the 
growth of non polar core-shell heterostructures free of built-in electric field.  However, the realisation of optically 
efficient radial NW heterostructures depends on the mastering of strain relaxation.  
In the case of axial GaN insertions in AlN NWs, it has been found that the formation of an AlN shell assigned to 
a non-negligible radial growth of AlN sections could not be avoided [33]. Furthermore, it has been recently 
demonstrated that the growth of this AlN shell is associated with the formation of misfit dislocations, due to the 
peculiar shape of the GaN insertions which leads to an AlN shell thickness locally larger than the critical one [34]. 
More generally, the issue of the critical thickness in GaN/AlN, GaN/AlxGa1-xN and InxGa1-xN/GaN core-shell NW 
heterostructures is a crucial one from both basic and applied perspectives, in the context of realizing efficient non 
polar light emitting diodes (LEDs) in the visible and UV range.  
 
 
 
 
 
Figure 6: In-plane (empty symbols) and axial (full symbols) 
strain within the GaN core. The circles and triangles are 
respectively related to Raman and resonant XRD data. Note 
that the empty circles depict the approximation Hplane ~ 0 %.
The squares were obtained from HRTEM data for wires with a
symmetrical shell, the star for a wire with an asymmetrical
shell. The dashed lines corresponding to the calculations for a 
core radius of 10 nm. Errors on the AlN shell thickness - of the 
order of 20 % of the nominal values - are not displayed here 
for the sake of clarity.
Figure7: (a): HRTEM image of a wire with a thin symmetrical 
shell; (b): colored map of the a-parameter; (c): colored map
of the c-parameter obtained by geometrical phase analysis of 
the wire tilted by 10° from the [11-20] zone axis. (d):SEM in
transmission mode images of a core-shell nanowire with a 
symmetrical shell and, (e) an asymmetrical shell. The step on
one side of the GaN core is clearly visible in the case of the
asymmetrical shell. (f): close up of the edge dislocation (extra
c-plane) found on the thinner shell side.
 
The particular case of GaN/AlN core/shell heterostructures has been studied by using a combination of Raman 
spectroscopy, high resolution transmission electron microscopy (HRTEM) and X-Ray diffraction (XRD) supported 
by theoretical calculations in the framework of an atomistic valence force field approach. The diameter of the GaN 
core was constant, equal to about 20 nm. The AlN shell thickness was varied up to 12 nm.  
As summarized in fig. 6, macroscopic techniques, namely Xrays diffraction and Raman spectroscopy of an 
ensemble of NWs, demonstrate that strain exerted by the AlN shell on the GaN core is very anisotropic: xx is 
almost constant, independently of AlN shell thickness, whereas zz is increasing rapidly before stabilizing for an 
AlN shell of about 3 nm. By contrast, for NWs exhibiting a symmetrical AlN shell, TEM analysis has shown that an 
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zz as large as -3.2% could be reached, for an AlN shell thickness of 12 nm, consistent with theoretical results. 
Interestingly, in the case of an assymetrical AlN shell, TEM analysis led to the determination of a reduced zz 
value, consistent with both Xrays diffraction and Raman spectroscopy experiments (see figure6) [35]. It is then 
concluded that in the case of a symetrical AlN shell, the GaN/AlN core-shell structure is fully strained up to an AlN 
shell thickness of at least 12 nm, in agreement with the theoretical prediction of a significant increase of critical 
thickness of core-shell structures with respect to their 2D counterparts [33].  However, results in figure 6 also show 
that most of the NWs hetrostructures do not behave according to the theoretical calculations. This has been assigned 
to an assymetry of the AlN shell, which results in a bending of the core-shell structure and an eased strain relaxation 
associated to the formation of misfit dislocations at the GaN/AlN interface, as illustrated in figure 7-f. 
The assymetry of the AlN shell has been correlated to the presence of steps in the GaN core. As shown in figure 
7-e, such steps are observed on the thick side of AlN shell, suggesting that they favor the nucleation/growth of the 
shell. Additionnally, due to the low mobility of Al adatoms along the side walls, the assymetry of the AlN shell can 
also be assigned to shadow effects strongly dependent of NW density.   
4. Growth and properties of GaN/InGaN NW heterostructures 
Turning now ourselves towards the case of axial hetrostructures, it has to be emphasized that for practical 
applications as well as for more basic studies, III-nitride nanowires (NWs) are an attractive option to overcome 
difficulties arising from the high density of cristallographic defects encountered in 2-dimensional (2D) layers of 
GaN, AlN and InN. These defects consist of threading edge dislocations, of screw dislocations and of mixed 
dislocations, most of them originating from the coalescence of growing grains. By contrast, NWs, which can be 
viewed as an ensemble of vertically-elongated non coalesced grains, consist of high quality material which is free of 
dislocations and exhibits excellent optical properties [36-39].  
As a further option to improve optical properties, 0-dimensional quantum objects (“Quantum dots”) have proved 
to be an efficient way of confining carriers, leading to a suppression of non-radiative recombination up to room 
temperature [40]. The bottom-up formation of such structures is often achieved using the so-called Stranski-
Krastanow 2D-3D transition which is driven by the lattice mismatch between the substrate and the deposited layer. 
In contrast, axial heterostructures in nanowires behave like quantum dots [24, 39] and do not require any lattice 
mismatch to be grown.  
Moreover, as well as in the case of axial heterostructures, it has been theoretically predicted that, depending on 
their diameter, NW geometry might drastically increase the critical thickness of non lattice-matched heterostructures 
[13, 14]. This peculiarity provides an additional advantage for growing InGaN/GaN or AlGaN/GaN NW 
heterostructures with a high concentration of In or Al, making eventually possible to extend the wavelength range of 
light emitting diodes (LEDs) into the green or the UV. Indeed, based on above considerations, the realization of NW 
LEDs in the visible [17, 41-43] and in the UV [44] wavelength range has been demonstrated.  
However, despite these promising achievements, the growth of InGaN/GaN NW heterostructures remains largely 
unexplored. On the one hand, it has been theoretically predicted that both strain relaxation and light emission 
tunability range of InGaN NWs should be favoured with respect to 2D layers [45], consistent with the experimental 
findings of Kuykendall et al. who have grown InxGa1í xN NWs for x ranging from 0 to 1 by low-temperature 
halide chemical vapor deposition [46]. On the other hand, clustering in InGaN/GaN NW heterostructures has been 
recently reported [47], emphasizing the influence of strain relaxation mechanisms on both structural and optical 
properties of such heterostructures.  
Indeed, it has been found that strain relaxation of axial InGaN/GaN NW heterostructures grown by plasma-
assisted molecular beam epitaxy (PAMBE) was strongly dependent on the In content of the InGaN section. More 
precisely, it has been established that depending on In content, strain relaxation of an InGaN section grown on GaN 
NW may occur either elastically or plastically. Elastic strain relaxation has been found to be associated with In-rich 
cluster formation. Plastic relaxation has been found to result from interfacial dislocation formation or from cracks in 
the (0001) basal plane at the interface between GaN and InGaN [48]. 
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Figure 8: (a-b) scanning electron microscopy images of InGaN nanowires deposited on a GaN nanowire base. (a):
“low”nominal In content. (b)”high” nominal In content. (c-d) Geometrical phase analysis of high resolution TEM images of 
InGaN nanowires showing the a-plane mapping: (c) “low” and (d) “high” nominal In composition. Note the presence of a
misfit dislocation at the InGaN/GaN interface (inside the dotted circle) in the case of “high” In content.
 
This is illustrated in figure 8 which shows the different morphology of InGaN NWs associated to “low” (figure 8-
a) or “high” (figure 8-b) In content, where “low” and “high” refer to the nominal In/Ga flux ratio during the growth, 
namely 11% and 43%, respectively. Low In content is associated with a pencil-like shape of the InGaN section 
whereas a flat top is observed in case of high In content. Further analysis by TEM is shown in figure 8-c and d 
where the a-plane mapping (extracted from geometrical phase analysis of high resolution TEM images [48]) is 
shown for low and high In content, respectively. In both cases, the formation of self-organized InGaN/GaN 
core/shell structures has been put in evidence. In the case of high In content, the GaN shell is found to be very thin 
and is assumed to be a kinetical origin, resulting from the weak Ga adatom diffusion along the side walls for the low 
growth temperature corresponding to InGaN growth (figure 8-d). By contrast, in the case of low In content, figure 
8c reveals the spontaneous formation of a thick GaN shell around an InGaN core.  
Whereas in the case of high In content a misfit dislocation is found (see figure 8-d) at the interface between the 
InGaN and the GaN section, as a signature of a plastic strain relaxation process, the core/shell structure of the low In 
content section is assigned to an elastic strain relaxation process. As a matter of fact, as shown in figure 9-a, it has 
been found that deposition of low In content InGaN on GaN NWs results in the formation of elastically relaxed 3D 
InGaN islands with a pyramidal shape similar to that of a SK quantum dot [49]. It is then expected that the lattice 
parameter will be expanded at the top of the InGaN pyramid, as a result from elastic strain relaxation. As a 
consequence, further incorporation of In in the alloy will be easier on the top of the InGaN pyramid than on the 
sides. Conversely, Ga incorporation is expected to be unfavorable on the top of the InGaN pyramid, while it should 
be favorable at the base of it, which is matched to relaxed GaN NW. As schematized in figure 9-b, such a 
segregation-induced strain relaxation process should be self-maintained all along the growth of the InGaN section, 
leading to the spontaneous formation of an InGaN/GaN core/shell structure. This model is supported by the 
observation of a pencil-like shape of InGaN section, whatever its length is. 
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Figure 9: (a) quantum dot-like InGaN 3D islands embedded in a GaN NW. (b) growth model of InGaN NW section deposited 
on GaN NW. Following the formation of an InGaN quantum dot-like 3D island on top of the GaN NW, strain induced adatom
diffusion leads to Ga/In segregation. As a result, In is preferentially incorporated on top of the InGaN QD whereas Ga is rather
incorporated on the sides. The self-maintained character of this process eventually leads to the spontaneous formation of an
InGaN/GaN core/shell NW.
 
As concerns the optical properties (see figure 10), it has been found that samples with both 11% and 43% 
nominal In content exhibit a strong photoluminescence in the 2-2.4 eV range, as an evidence that excitons 
recombine in areas of similar In content. It has to be noted furthermore that for the nominal In content of 43%, the 
photoluminescence peak energy, centered around 2.1 eV, is consistent with the existence of an homogeneous alloy 
of composition close to the expected nominal one. By contrast, for a nominal content of 11%, the strong red shift of 
the photoluminescence peak position with respect to the one expected from the nominal composition is consistent 
with structural properties, i.e. with the formation of an In-rich core surrounded by a pure GaN shell. 
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Figure 10: Temperature-dependant PL spectra of samples with a nominal In content of (a) 11% and (b) 43%. 
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In addition, temperature dependence of photoluminescence shown in figure 10-a reveals peak position shifts (the 
so-called S-shape) assigned to carrier localization/delocalization, as an optical signature of In-clustering. Such 
clustering has been put in evidence by Energy-dispersive X-ray Spectroscopy analysis in the case of pencil-like 
InGaN NWs and has been found to be negligible in the case of plastically relaxed InGaN NWs with high In content 
[48]. 
This behaviour provides new insights on the light emission variability of GaN/InGaN/GaN NW LEDs grown on 
non-patterned substrates [17,50, 51], suggesting that it could be partly due to In concentration fluctuations correlated 
to the randomness of spontaneous NW nucleation.   
5. Conclusion 
From results presented above, it appears that a necessary ingredient of GaN NWs formation is the nucleation of 
strain-relaxed 3D precursors. Next to nucleation, the size increase of the 3D precursors has been found to obey a 
supralinear law as a function of time, which has been assigned to a preferential lateral enlargment. The duration of 
the ripening stage has been found to be strongly dependent on temperature/Ga flux. It has been found that length 
distribution of GaN NWs, which also depends on temperature/Ga flux was related to the duration of the 3D 
precursors ripening duration, prior to the transition to a steady-state growth regime.  
The issue of GaN/AlN core/shell NW heterostructures has been studied from both macroscopic and microscopic 
points of view. As expected from theoretical calculations, it has been found that the critical thickness of the AlN 
shell deposited around the GaN core was far larger than the value found in the case of bidimensional 
heterostructures. More precisely, it has been established that such a critical thickness was larger than 12 nm. 
However, macroscopic studies of an ensemble of NW heterostructures by Xrays diffraction and Raman 
spectroscopy have shown a saturation of GaN compressive strain for AlN shell thickness larger than 3 nm. It was 
found that such a limit referred to the case of inhomogeneous AlN shell, assigned to shadow effects and/or to the 
presence of steps at the base of GaN NWs. Such an inhomogeneous AlN shell thickness was associated to a bending 
of the GaN/AlN core/shell heterostructures suggesting that the change of regime around a shell thickness of about 3 
nm corresponds to the limit above which shear-strained GaN/AlN heterostructures can easily relax by formation of 
dislocations in AlN. More generally, this study indicates that the full potential of core-shell NWs heterostructures 
for applications will strongly depend on the control of the shell nucleation growth process, possibly driven by the 
presence of steps on the GaN NW sides, and of its homogeneity. 
The case of axial InGaN/GaN axial NW heterostructures has also been adressed. It has been demonstrated that 
depending on In content, strain relaxation of InGaN grown on GaN NW may be elastic or plastic. Plastic strain 
relaxation has been observed in the case of In-rich InGaN and is associated with formation of a relatively 
homogeneous alloy, with limited thermal delocalization of carriers. By contrast, In-poor alloy has been found to 
exhibit elastic strain relaxation, partly assigned to strain-induced Ga and In segregation. Depending on their 
thickness and their In content, it is speculated that InGaN quantum wells embedded in GaN barriers should also 
exhibit clustering effect. This emphasizes the need for accurately controlling the In content in view of practical 
applications while suggesting that the light emission variability of GaN/InGaN/GaN NW LEDs could be partly due 
to In concentration fluctuations. These fluctuations were found to be closely linked to the nature of the elastic strain 
relaxation process through the spontaneous formation of InGaN/GaN core/shell heterostructures.   
 
References:  
 
[1] R. S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89 (1964) 
[2] A. R. Woll, R. L. Headrick, S. Kycia, J. D. Brock, Phys. Rev. Lett. 83, 4349 (1999) 
[3] R. L. Headrick, S. Kycia, Y. K. Park, A. R. Woll, J. D. Brock, Phys. Rev. B 54, 14686 (1996) 
[4] R. L. Headrick, S. Kycia, A. R. Woll, J. D. Brock, M.V. Ramana Murty, Phys. Rev. B 58, 4818 (1998) 
[5] G. Koblmüller, P. Pongratz, R. Averbeck, H. Riechert, Appl. Phys. Lett. 80, 2281 (2002) 
[6] R. Averbeck, G. Koblmüller, H. Riechert, P. Pongratz, J. Cryst. Growth 251, 505 (2003) 
[7] E. Calleja, M.A. Sánchez-García, F.J. Sánchez, F. Calle, F.B. Naranjo, E. Muñoz, S.I. Molina, A.M. Sánchez, 
F.J. Pacheco, and R. García, J. Cryst. Growth, 210, 296 (1999) 
[8] M. Yoshizawa, A. Kikuchi, N. Fujita, K. Kushi, H. Sasamoto, and K. Kishino, J. Cryst. Growth 189/190, 138 
(1998) 
 B. Daudin et al. /  Physics Procedia  28 ( 2012 )  5 – 16 15
[9] R. K. Debnath, R. Meijers, T. Richter, T. Stoica, R. Calarco, and H. Lüth, Appl. Phys. Lett. 90, 123117 (2007) 
[10] R. Songmuang, O. Landré, and B. Daudin, Appl. Phys. Lett. 91, 251902 (2007)   
[11] O. Landré, C. Bougerol, H. Renevier and B. Daudin, Nanotechnology 20, 415602 (2009) 
[12]  V. Consonni, M. Knelangen, L. Geelhaar, A. Trampert and H. Riechert, Phys. Rev. B 81, 085310 (2010) 
[13] E. Ertekin, P. A. Greaney, D. C. Chrzan and T. D. Sands J. Appl. Phys. 97, 114325 (2005) 
[14] F. Glas, Phys. Rev. B 74, 121302(R) (2006) 
[15] Raychaudhuri S and Yu E T,  J. Appl. Phys. 99, 114308 (2006) 
[16] G. Tourbot, C. Bougerol, A. Grenier, M. Den Hertog, D. Sam-Giao, D. Cooper, P. Gilet, B. Gayral, and 
B.Daudin,  Nanotechnology 22, 075601 (2011)
[17] A. L. Bavencove, G.Tourbot, E. Pougeoise, J. Garcia, P. Gilet, F. Levy, B. André, G. Feuillet, B. Gayral, B. 
Daudin and Le Si Dang, Phys. Stat Sol (a) 207, 1425 (2010) 
[18] A. Bourret, A. Barski, J. L. Rouvière, G. Renaud and A. Barbier, J. Appl. Phys. 83, 2003 (1998) 
[19] J. Coraux, H. Renevier, V. Favre-Nicolin, G. Renaud, B. Daudin, Appl. Phys. Lett. 88,153125 (2006)  
[20] Toma Stoica, Eli Sutter, Ralph J. Meijers, Ratan K. Debnath, Raffaella Calarco, Hans Lüth, and Detlev 
Grützmacher, Small 4, 751 (2008) 
[21] Jelena Ristiü, Enrique Calleja, Sergio Fernández-Garrido, Laurent Cerutti, Achim Trampert, Uwe Jahn, Klaus 
H. Ploog, J. Cryst. Growth 310, 4035 (2008)
[22] O. Landré, V. Fellmann, P. Jaffrennou, C. Bougerol, H. Renevier, A. Cros and B. Daudin, Appl. Phys. Lett. 
96,061912 (2010) 
[23] R. Mata, K. Hestroffer, J. Budagosky, A. Cros, C. Bougerol, H. Renevier, B. Daudin, J. Cryst. Growth, in press 
[24] J. Renard, R. Songmuang, G. Tourbot, C. Bougerol, B. Daudin and B. Gayral  Phys. Rev. B 80, 121305 (2009) 
[25] Y. Kawakami, S. Suzuki, A. Kaneta, M. Funato, A. Kikuchi and K. Kishino, Appl. Phys. Lett. 89, 163124 
(2006) 
[26] C.Y. Wang, L.Y. Chen, C.P. Chen, Y.W. Cheng, M.Y. Ke, M.Y. Hsieh, H.M. Wu, L.H. Peng and J.J. Huang 
Opt. Express, 16, 10549 (2008) 
[27] D. Camacho Mojica D and Y.M. Niquet, Phys. Rev. B 81, 195313 (2010) 
[28] J. Ristiü, C. Rivera, E. Calleja, S. Fernández-Garrido, M. Povoloskyi and A. Di Carlo, Phys. Rev. B 72, 085330 
(2005) 
[29] C. Rivera, U. Jahn, T. Flissikowski, J.L. Pau, E. Muñoz and H.T. Grahn, Phys. Rev. B 75, 045316 (2007) 
[30] K.A. Bertness, A. Roshko, L.M. Mansfield, T.E. Harvey and N.A. Sanford, J. Cryst. Growth 300, 94 (2007) 
[31] L. Largeau, D.L. Dheeraj, M. Tchernycheva, G.E. Cirlin and J.C. Harmand, Nanotechnology 19, 155704 (2008) 
[32] O. Landré, R. Songmuang, E. Bellet-Amalric, H. Renevier and B. Daudin, Appl. Phys. Lett. 93, 183109 (2008) 
[33] J. Ristiü, E. Calleja, A. Trampert, S. Fernandez-Garrido, C. Rivera, U. Jahn and K.H. Ploog, Phys. Rev. Lett. 
94, 146102 (2005) 
[34] C. Bougerol, R. Songmuang, D. Camacho, Y.M. Niquet, R. Mata, A. Cros and B. Daudin, Nanotechnology 20 
295706 (2009) 
[35] K. Hestroffer,  R. Mata, D. Camacho, C. Leclere, G. Tourbot,Y.M. Niquet, A. Cros, C. Bougerol, H. Renevier 
and B. Daudin, Nanotechnology, 21, 415702 (2010)
[36] J. Ristic, E. Calleja, M.A. Sanchez-Garcia, J.M. Ulloa, J. Sanchez-Paramo, J.M. Calleja, U. Jahn, A. Trampert 
and K.H. Ploog Phys. Rev. B 68, 125305 (2003) 
[37] J.B. Schlager, N.A. Sanford, K.A. Bertness, J.M. Barker, A. Roshko and P.T. Blanchard, Appl. Phys. Lett. 88, 
213106 (2006) 
[38] S.N. Yi, J.H. Na, K.H. Lee, A.F. Jarjour, R.A. Taylor, Y.S. Park, T.W. Kang, S. Kim, D.H. Ha, G. Andrew and 
D. Briggs, Appl. Phys. Lett. 90, 101901 (2007) 
[39] J. Renard, R. Songmuang, C. Bougerol, B. Daudin and B. Gayral, Nano Lett. 8, 2092 (2008) 
[40] J. Renard, P.K. Kandaswamy, E. Monroy and B. Gayral,  Appl. Phys. Lett. 95, 131309 (2009) 
[41] A. Kikuchi, M. Kawai, M. Tada and K. Kishino, Jpn. J. Appl. Phys. 43, L1524 (2004) 
[42] H.M. Kim, Y.H. Cho, H.S. Lee, S.I. Kim, S.R. Ryu, D.Y. Kim, T.W. Kang and K.S. Chung, Nano. Lett. 4,
1059 (2004) 
[43] R. Armitage and K. Tsubaki, Nanotechnology, 21, 195202 (2010) 
[44] H. Sekiguchi, K. Kishino and A. Kikuchi, Electronics Lett. 44, 151 (2008) 
[45] H.J. Xiang, S.H. Wei, J.L.F. Da Silva and J. Li, Phys. Rev B 78, 193301 (2008) 
[46] T. Kuykendall, P. Ulrich, S. Aloni and P. Yang, Nature Mat. 6, 951 (2007) 
[47] Y.L. Chang, J.L. Wang, F. Li and Z. Mi, Appl. Phys. Lett. 96, 013106 (2010) 
16   B. Daudin et al. /  Physics Procedia  28 ( 2012 )  5 – 16 
[48] G. Tourbot, C. Bougerol, A. Grenier, M. Den Hertog, D. Sam-Giao, D. Cooper, P. Gilet, B. Gayral, and B. 
Daudin, Nanotechnology 22, 075601 (2011) 
[49] C.Adelmann, J. Simon, G. Feuillet, N.T. Pelekanos, B. Daudin and G. Fischman, Appl. Phys. Lett. 76, 1570 
(2000) 
[50] K. Kishino, A. Kikuchi, H. Sekiguchi and S. Ishizawa, Proc. SPIE Vol. 6473 64730T (2007) 
[51] A.-L. Bavencove, G. Tourbot, J. Garcia, Y. Désières, P. Gilet, F. Levy, B. André, B. Gayral, B. Daudin and Le 
Si Dang, Nanotechnology 22, 345705 (2011) 
